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ABSTRACT
Buildings are static elements in a dynamic environment characterized by fast changing
needs and evolving environmental, social, and economic standards. Thus, today challenge
for structural design through Design for Adaptability and Deconstruction (DfAD) is to
create buildings that are flexible enough to answer these needs. This thesis analyses
DfAD for building structures and presents three case studies: a tent, a structure with
prefabricated panellised systems, and a container building.
The key arguments that justify DfAD are the negative environmental impact of the
current structures; the life cycle of a building; the changes expected from buildings; and
the cost incentive of this design. DfAD is a combination of design approaches that deal
with the different scales of a structure. The fundamental tools to achieve DfAD are the
connections, the type of structure, and the use of prefabricated systems. This thesis
shows that standardization and layer-and-module modelling are essential to achieve a
sustainable structural design. Three case studies present the structural features and the
applications of this design approach.
Thesis Supervisor: Jerome Joseph Connor, Jr., ScD
Title: Professor of Civil and Environmental Engineering
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INTRODUCTION
It is generally recognized that operating a building is energy consuming and often
the focus is on the use of green materials, heating, cooling, and lightening to achieve
sustainability. However, there is less awareness about the negative environmental impacts
an unsustainable structural design can have. Due to evolving standards and changing
needs, buildings need to be renovated, rehabilitated or demolished. For example, a
residential building can be converted into an open space office building. These
rehabilitations or renovations lead to huge waste generation and pollution. They typically
involve partial or even total demolition, as in the case where the fagades are the only
parts of the building that are kept intact. A better solution to demolition is deconstruction.
This method consists of taking apart the components of a building and reusing them on
another site where they could fit. However, it requires that the initial structural design
incorporates this end of life option. Therefore, a sustainable design is one that integrates
flexibility in order to limit the environmental impact of a building when the structure has
to be renovated, rehabilitated or deconstructed to adapt a new space configuration or a
category change.
Currently, the functions of a building, which are the loads bearing, the enclosing,
the servicing, and the partitioning, are interdependent. This is due to the fact that
buildings are considered to be static entities defined by a set of end states. Their design
aims at meeting these requirements, and function separation is not a priority. Therefore,
their construction is often a linear process, which leads to the interdependence of the
functions of the building. In such a situation, any modification is complex: partial
demolition generates waste and significant costs, and requires engineering expertise.
Consequently, classical design methods cannot meet these expectations.
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This thesis presents an answer to this problem - Design for Adaptability and
Deconstruction (DfAD). The scope of this study is limited to the structural design
features of DfAD, and its focus is commercial, residential, and office buildings. Design
for Adaptability and Deconstruction is an emerging trend that makes structures adaptable
by taking into account the different life spans of building components and by improving
their accessibility. This design approach also favors open space configuration. From a
structural point of view, the author first concentrates on the motivation for adopting this
method by analysing the environmental impact of the construction industry, including the
detailed life cycle of a building. Then, it is showed that reuse, which is not wide spread,
is the best solution for lowering the environmental impact of buildings due to changing
needs. This analysis includes the cost incentive DfAD offers. The subsequent sections are
organized as follows. In the second section, DfAD goals, its underlying concepts, its
design rules, and an assessment method are presented. The third section focuses on the
key elements needed to achieve flexible design: the type of structure chosen, the
connections, and the prefabricated systems. The section also includes a comparison
between the different key element possibilities. The fourth section presents three case
studies: a tent, a structure with prefabricated panellised systems, and a container building.
They are used to demonstrate how DfAD can be applied to structures. The last section
contains the conclusion.
DfAD: Design for Adaptability and Deconstruction
1.0 DfAD CONTEXT
1.1 THE ENVIRONMENTAL IMPACT
The construction industry has a significant impact on the environment and the
socio-economic field since it is usually the most important sector in a country - in the US
this industry counts for 8% of the labor force and 7% of the Gross National Product
(GNP)- and consumes a vast amount of energy.
In general, buildings account for 37% of the total energy used in the USA, 30% of
the greenhouse gas emissions, 30% of raw materials use, and 12% of potable water
consumption (Associate Professor John Ochsendorf, Sustainable Design: The
Construction Industry, September 10, 2008). New construction accounts for 8% of the
annual waste output of the construction industry (136 million tons/year), renovation
contributes for 40%, and demolition is responsible for 48%.
As shown in Figure 1, during the recent decades, the consumption of raw
materials has increased tremendously due to a growing demand: the demand passed from
approximately 200 millions of metric tons in 1905 to more than 2,500 millions of metric
tons 90 years later.
DfAD: Design for Adaptability and Deconstruction
FIGURE 1: Use of raw materials in the USA (Source: Ochsendorf, 2008)
Meanwhile, carbon emissions due to buildings (more than 700 million metric tons
in 2000) are 60% greater than the ones from transportation.
This thesis mainly concentrates on the structural part of DfAD. This focus can be
justified by the analysis of the distribution of the embodied energy presented in a
building. As shown in Figure 2, the structure accounts for approximately 24% of the total
embodied energy of a building.
Services
24%
Finishes
13% Envelope26%
Structure
24%;onstruction Site work7% 6%
FIGURE 2: Typical distribution of the embodied energy (initially 4.82 GJ/m2) in an
office building (Adapted from Ochsendorf, 2008).
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Therefore, limiting the waste in the part of the construction process that is related
to the structure would have a significant impact on the environment. Indeed, structural
materials such as steel, a widely used material in the construction industry, need
significant energy input to be manufactured as shown in the chart of Figure 3.
Building materials
Glass
Timber (local greenoak) 22
Timber (local airdried) 1
Timber (imported softwood)
Aluminium
Steel
Sand/cement render
Cement
Crushed granite aggregate 150
Natural sand/aggregate 45
Concrete 800
Engineering bricks 2016
0 20000 40000 60000 80000 100000 120000
Manufacturing energy (kWh/m3)
FIGURE 3: Energy requirements for manufacturing and/or producing selected building
materials (Adapted from Morgan and Stevenson, 2005).
Waste generation stems from inefficient production processes, low durability, and
an inadequate design that does not meet the living and safety expectations of the end user.
Indeed, current design does not take into account the social changes our society
experiences, such as the ageing of the population or the reduction of the average family
size.
Consequently, the guiding principle for DfAD is to reduce the footprint the built
environment has on the planet by providing a sustainable design that considers time,
social changes, economic aspects, and environmental standards. There are several
changes that can be made in the design process to achieve this goal and that are combined
in DfAD. Better managing waste by reducing the part generated by renovation and
demolition is one of them. Providing a sustainable design that can follow the evolutions
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that characterize a society is another possible change. Finally, better control of the
manufacturing process is also a key point to reduce the overconsumption of raw materials
and the augmentation of the green house effect.
1.2 LIFE CYCLE OF A BUILDING
The life cycle of a building begins by the design process. A current building is
modelled to meet expectations established by its owner. Therefore, the result aims at
meeting this set of requirements. Concerning the materials, they come from the
exploitation of resources: the raw materials are extracted, transformed to acquire standard
sizes, and then classified by size. Once the raw materials have been sorted, they go
through a process that converts them into building elements used in construction.
Once the construction process is completed, the building is operated until it does
not meet the requirements of use anymore, which may have changed during its lifetime.
By not being adaptable, the building becomes obsolete and grave-ready.
There are three life cycles with different scale and different life span: the
materials life cycle, the components life cycle, and the building life cycle. These three
life cycles are distinct from the end of the construction process to the end the
dismantlement of the building. Therefore, the management of the materials and the
energy flows has to differentiate these three levels to better address their specificities; this
differentiation will be done through the modelling of a building as a superposition of
layers.
The options for the end of life of a building and its components
Several options exist to deal with building components once the edifice arrives at
the end of its life. In what follows, seven options are presented. Five of them concern the
building components: they can be used for land filling, burnt, transformed into new raw
materials, recycled, or reused. The two other solutions are building renovation or
rehabilitation, and building reuse. The reality may correspond to a combination of them.
The first option is to demolish the building and use it as land fill. This method
consists of transporting the waste material and grave to a place and burying it. The main
disadvantage is that the construction materials are considered as waste that has no value
and that require energy to be brought and buried in the disposal area. Consequently, their
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embodied energy increases again during this phase; their cycle is interrupted; and if they
are not treated, they may damage the environment by contaminating the soil and the
water and by creating additional air pollution.
The second option is to bum part of the components. By doing so, materials are
taken out of their cycle and generate the creation of CO2. However, the energy used for
combustion can be recovered through heat.
The third option consists of transforming the components into new raw materials
for buildings. This presents the advantage of not interrupting the materials loop;
however, it supposes an additional energy input. This method is called feedstock
recycling because it creates a new stock of inputs that feeds the construction process
while involving the materials into a new cycle.
The fourth option is the material recycling. As opposed to the feedstock recycling
where the specificity of each component is not really taken into account, this solution
aims at recycling the component in a cycle that requires the same material. Therefore, a
glass panel will not be used to create aggregate but to make recycled glass. The
advantage is to recycle the components in order to reuse them as raw materials in the
same industry that they initially come from. The disadvantage shared with the three
previous solutions is the additional input of energy into the cycle.
The fifth option consists of reusing the components after they passed through a
maintenance process. The components are assigned a similar role to meet similar goals.
This method may have the advantage to reduce the amount of energy needed to
reintroduce the component into the construction industry. However, it may not be the
case, and therefore another solution will have to be chosen. This process may also
happen to be not cost-efficient.
The sixth option is restoring or renovating the building. It has the advantage to
save some parts from demolition. However, it often results to be expensive because
buildings are not designed to meet this requirement, and therefore asks for studies and
expertise.
The last solution consists of reusing the building. Its function can be changed but
in any case, this new use will only involve minor works. This can only be achieved if the
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layout of the building is flexible. This last situation is the goal DfAD aims to achieve. It
implies an initial phase where life cycles are carefully studied.
1.3 THE NATURE OF ADAPTATIONS PEOPLE EXPECT A BUILDING TO
MEET
There are three types of changes a building can experience during a renovation,
which is the one of the most critical periods in the life of a building in terms of waste
generation (Slaughter, 2001). These three kinds of changes have been separated in order
to better understand their specific requirements; however, depending on the scale of the
changes one wants to perform, they may be interdependent.
The first type is the change of the building usage. The functions may correspond
for example to heat, A/C, thermal insulation or acoustic insulation. For this kind of
change, one can adapt the building by upgrading its functionality. Upgrading consists of
achieving the same goal in a more efficient way. It can be, for example, acoustic
insulation. Therefore, this may require the replacement of the previous component that
handled this function. A function can also be modified by introducing upgrades. This
gives the building new goals based on new requirements and equipment. Finally,
functions can be modified in their nature. This process corresponds to giving up previous
functions, and replacing them by new ones that may have very different objectives and,
therefore, very different requirements. This kind of change mainly concerns changes in
usage classes. Seven usage classes can be distinguished depending on whether it is a
manufacturing building, a residential building, a warehouse, a retail building, an office
building, or an institution building. One example would be to renovate a residential
building and transform it into an office building. This is a very common kind of
renovation in the centre of Paris for example.
The second form of renovation aims at changing or reorganizing the load capacity
of a building or its performance. The change in capacity may be due to new requirements
that result from the evolution of needs. These needs are different from the ones that
prevailed while the building was being designed. This requirement for additional
capacity may also be due to the progress of technology which leads to the manufacture of
new equipment to better achieve a task and consequently to additional load. Another
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reason may also be the new space organization. An example would be the open-space
office buildings. From this example, we can understand that there will be additional
loads due to equipment; but these additional loads have to be transferred to the remaining
bearing elements, and, therefore, these bearing elements experience an increase in the
amount of loads they have to carry to the ground. This need of maximizing the available
space is mainly due to the price increase of the real estate. Concerning the new
requirements on performance, an example would be the use of very sensitive equipment
in laboratories that requires motion control through a motion based design.
The last kind of changes a building can experience during a renovation deals with
flows. Two kinds of flows can be identified. The first one is termed "environmental
flows" and the second one "people or things flow" (Slaughter, 2001). The
"environmental flows" are associated to the air motion, the light repartition, and the
sound displacement inside the building or in relation with its surrounding environment.
For example, the addition of a glass roof in the last floor would have a consequence on
light and heat transfer: blinders may be required and the amount of air flow required and
provided by the A/C system may have a consequence on the design of this equipment,
and consequently, on the loads it engenders. An outdoor environmental change in
"environmental flow" can be the wind. An example of this case is the John Hancock
building in Boston. Indeed, the construction of the Prudential tower nearby changed the
wind conditions in the area. This change in the wind flow required the adding of a Tuned
Mass Damper, and therefore additional loads. The "people or things flows" can refer to
stairs, lifts, wheelchair lifts and accommodations or connecting corridors. The structure
has to support these changes of the way people evolve in it. Tablel summarizes up the
different cases.
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TABLE 1: Types of change in a built facility (Source: Slaughter, 2001).
Type of
change Category Response to
Upgrade
existing Higher performance levels that require different
functions components/processes.
Incorporate new New facility performance objectives that require new
functions components/ systems.
Modify for
different Different objectives from change in usage class that require
Function functions different components/systems/processes.
Change Higher expected performance under specific load
loads/conditions conditions.
Capacity Change volume Increased requirements for operable space per usage class.
Change in
environmental Higher/different performance requirements for internal or
flows. surrounding environmental conditions.
Change in flow
of Different performance requirements for passage, movement
Flow people/things. or organization of people/things within/into facility.
These types of changes affect different parts of the building. It can be the
structure, the enclosure, the services or the interior finish. A research showed that the
structure has to be adapted in 64% of same usage class renovations and in 87% of
different usage class renovations (Slaughter, 2001). It shows how important having an
adaptable structure is to minimize waste generation and raw materials exploitation.
1.4 DfAD: A COST INCENTIVE
A design that involves strategies to accommodate changes permits to save
money. Thus, it is legitimate to think that DfAD can increase the savings. The current
situation shows that even if the initial cost of the building is increased by two to five
percent, this loss is more than compensated during the first renovation. Indeed, as shown
in the example of a $93 per square foot in Table 2, the cost increase due to the
implementation of design strategies that consider adaptability is less important than the
savings realised thanks to these implementation during the first renovation of the
building.
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TABLE 2: Initial and renovation costs for a $93/sf building (Adapted from Slaughter,
2001).
Cost increase per square meter Cost saving per square meter
Average $0.14 $1.32
Median $0.02 $0.21
Minimum $0.00 -$0.02
Maximum $1.91 $27.87
Another economic advantage is that the use of DfAD, which is based on a long-
term approach, increases the value of the building. Indeed, it implies a potential
reduction of time and costs during a renovation. The costs at stake, when a renovation or
rehabilitation is performed, are maintenance, upgrade, and waste ones. By maximizing
the time a building can be operated, DfAD favors additional revenue generation. This
design method also reduces the risks to pay taxes due to future changes in the legislation,
which would apply the polluter-pays principle, by easing the change of its components.
Finally, it gives the building additional value since the main part of its components
extracted during the deconstruction process has a market value. All these economic
aspects make such an investment attractive.
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2.0 THEORY OF DfAD
2.1 DEFINITION OF DfAD
2.1.1 DfAD GOALS
Design for adaptability and deconstruction, and design for decomposable building
structures aim at creating sustainable buildings by maximizing both their flexibility
toward space configuration and their environmental efficiency considering their whole
life-cycle, which goes from extraction to end-of-life and which includes their
manufacturing, design, construction, use, and renovation. The environmental efficiency
can be achieved by creating a closed loop for the materials as it has already been done in
some others industries like the auto industry. However, this requires a reflexion on the
assembly of building materials that would permit technical composition changes,
construction reuse, component reuse, and material reuse and recycling.
This goal is all the more important that buildings are the main component of the
daily environment of users. Therefore, a building has to answer the demand for a healthy
and flexible environment. This need results from the inability of most of the current
buildings to adapt to contemporary new requirements. Meanwhile, there is an urgent need
for affordable housing.
2.1.2 DfAD: A COMBINATION OF A NUMBER OF DESIGN STRATEGIES
DfAD is a combination of four design strategies that tackle the same problem on
different scales. The performance of three of these approaches, which are design for
dismantling, design for deconstruction, and design for adaptability, highly depends on the
quality of the fourth one which is the configuration design.
Design for dismantling deals with materials and provides solution to take them
apart easily in order to recycle them.
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Design for deconstruction focuses on building components to ease their
disassembly. This requires components that do not to lose their qualities during
disassembly in order to minimize the amount of labor, energy, and money required to
make them become fully reusable.
Design for adaptability refers to the building itself. Its structural frame has to be
able to cope with layout changes. This implies a structure that permits cheap
refurbishment and reinforcement. It also assumes the open spaces can be partitioned in an
arbitrary way to provide flexibility.
In order to achieve this flexibility at any level, the design requires a
comprehensive understanding of the building itself. Consequently, each element in the
building has to be the result of the configuration design. The configuration design aims at
clearly defining the relationships between the building components to make the structure
dynamic and flexible. A dynamic and flexible structure involves accessibility to the
building components and ease in assembly-disassembly, repair, modification, removal
and/or replacement. Repair implies that the location where changes have to be preformed
should be in an area that involves minimum flow of people in order to disturb a minimum
of persons.
The performance indicator for this kind of design should be based on the level of
independence and exchangeability of the building components. These two criteria mainly
depend on the assembly and joining methods used.
2.2 THE UNDERLYING CONCEPTS OF DfAD
2.2.1 THE FRACTAL MODEL AND STANDARDIZATION
The fractal concept
A fractal can be defined as a complex form generated by a basic one. Such a form is not
easily describable using usual geometry definition. The elementary geometrical element
can be found at any scale. The following figure (Fig. 4) is an example of a fractal
generated by a two lines that form a triangular shape.
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FIGURE 4: Fractal generation (Source: http://sebastienkremer.ifrance.com/CH-
fractal4.gif).
A standardization inspired byfractals
The idea of the existence of an elementary rule that would govern the organization
of any macroscopic graceful layout has been a centre of interest throughout history. Its
main theories where the Golden ratio (1/0.618) and the Pythagoras ratios (1/2, 1/3, 2/3,
3/4).
The standardization rules proposed by Hendrickx and Vanwalleghem inscribe
themselves in this search using the coefficients 2 and /2 as the two and unique basic
multiplier factors to generate dimensions (Debacker et al., 2007). The novelty of their
approach is that it is based on the fractal concept. Indeed, ( 12.a) corresponds to the length
of the diagonal of a square whose side would measure (a).
The purpose of such a method based on the process of fractal generation is to
enhance compatibility in geometry and size while allowing the design of a wide variety
of shapes. The fundamental idea is that each element can be decomposed into basic parts
that come from a square; it can be its side, its diagonal, or its inscribed circle. The choice
of the square is not neutral; this form is a widely spread shape in the construction field
because it creates rectangle angles. Figure 5, shows how the width, the thickness, the
length, and the depth of a building component can be defined based on standardized
dimensions.
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I
width thickness
FIGURE 5: Determination of a building component dimensions
generation (Source: Debacker et al., 2007).
based on fractal
Therefore from a square with a side of length "a", one can create elements that are
(2n.a) and ('42.n.a) long, where "n" is an integer.
The assembly of such basic elements creates a system. Therefore, this
standardization in geometry leads to a standardization of the components used in
construction. The following figure (Fig. 6) illustrates this concept for a steel corrugated
plate (which could be used for the container structures presented in section 4),
characterized by its thickness, the number of waves per unit length, and the height of the
waves.
FIGURE 6: Design of a load bearing corrugated plate (Source: Debacker et al., 2007).
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2.2.2 THE SUPERPOSITION OF LA YERS
As illustrated in Figure 7, a building can be modelled as a pyramid whose basis is
the element.
FIGURE 7: Hierarchy of material levels (Source: Brouwer and Durmisevic, 2002).
If A represents the assembly function, then a building can be defined as:
Building = AoAoA(element)
where A(element) = component; A(component) =system; and A(system) =building.
An assembly requires flexible connections.
This pyramidal representation eases the modelling of a building as a set of
different layers. This model is justified by the fact that each part of a building has a
specific function and lifespan. This idea is illustrated in Figure 8 by Stewart Brand's Six
S's diagram, which shows that each part of a building has a specific function and a
determined lifespan.
SSRT lCT RE 60-0 yr.SPACE PAN 5-20If LSERVICES 530 rs
SFIlE >bolding u
FIGURE 8: Stewart Brand's Six S's diagram (Source: Ciarimboli and Guy).
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The concept of layering is all the more important that it will minimize the waste
that stems from the upgrading and the refurbishment of a building. The idea consists of
placing the layers that have the shortest life spans close to the surface to ease their access.
An advantage of this model is that non structural parts get more independence from the
structural frame and can involve more prefabrication. The following example of a house
illustrates this concept.
Example ofa house:
- ' 10 yeas
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50-5 years
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FIGURE 9: A proposal for systematization of building systems and their interfaces
according to different life cycles (Source: Brouwer and Durmisevic, 2002).
To make this proposal, the house is assumed to have a maximal lay-out flexibility
concerning the partition walls, the wet units, and the kitchen. This scheme implies
coordination between the technical input of the components and their life cycle.
Therefore, the layers with more frequent cycles are close to the surface to ease their
access and minimize the changes performed otherwise.
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2.2.3 THE MODULE MODEL
As shown in Figure 10, a building can be idealized as an assembly of modules.
FIGURE 10: A building: an assembly of modules (Source: Baham6n, 2002).
This modelling maximizes its adaptability potential. Indeed, a given area may
correspond to many distinct housing functions over time. Even if the structure is not
modified over time, it allows for a wide range of changes. The space configuration can
change based on partitions that can be added or removed, allowing for a wide range of
organization. As shown in Figure 11, a given area can be converted to meet different
uses: a bedroom, a dining room, or an office.
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Master Bedroom ChkId's Bedroom Dning-room Ofce
FIGURE 11: Different configurations that use the same space (Source: Morgan and
Stevenson, 2005).
2.3 DESIGN RULES FOR ADAPTABILITY AND DECONSTRUCTION
The following presents the design rules for adaptability and deconstruction. First,
it is important to separate the four functions of a building, which are the loads bearing,
the enclosing, the servicing, and the partitioning. As explained previously, each function
has a different lifespan; consequently, the building elements have to be dedicated to only
one of them.
Then, each layer that corresponds to a function needs to be clearly detailed by a
listing of its components.
The third rule is a consequence of the two previous ones: the building has to be
organized on a subsystem model. A subsystem corresponds to an assembly of building
components that meets one of the independent functions. Thanks to the principle of
independence between functions, their production, assembly, and disassembly can be
done separately. Thus, a possibility would be to prefabricate them. This is discussed in
section 3.
The fourth rule is to over design the foundations to permit the addition of new
loads and, therefore, anticipate the future need for adaptability.
The fifth rule is to favour indirect relation between the subsystems through
intermediary connections (for more details on connections, refer to Section 2.3).
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The sixth rule is to privilege a parallel scenario for the assembly sequence.
Indeed, compared to all the possible ones listed in Table 3, this scheme significantly
reduces the time spent on site for assembly and disassembly. The reasons that explain this
are that, concerning the assembly process, several actions can be carried out at the same
time by different crews, and that, in the case of disassembly, the time saving realized
stems from the accessibility provided by this scheme: the parallel scheme reduces the
number of steps required to access an element.
TABLE 3: Presentation and analysis of different assembly schemes in relation to
DfAD (Adapted from Brouwer and Durmisevic, 2002).
Assembly scheme. Analysis of the assembly scheme.
Parallel sequence assembly. Best scenario for DfAD.
The level of flexibility of the connections determines
the level of adaptability the assembly will offer.
Sequential assembly. Worst scenario for DfAD.
1 2 3 The linear assembly pattern creates a high level of
...n dependence between the elements.
Interlock assembly. Unfavorable to DfAD.
4% 2 Even if the level of dependence is slightly improved
compared to the previous scenario, the analysis of this
scheme shows that if the elements on a diagonal are
31 grouped, the underlying assembly process is still the
sequential one.
Closed circle assembly. It is a combination of the parallel and sequential
2 ....... ---. level depends on the proportion of the sequential
portion versus the parallel portion.
Gravity/attractor assembly. Favorable to DfAD.
There is a central element to which the other elements
1 - are connected through parallel schemes.
The level of flexibility of the connections determines
the level of adaptability the assembly will offer.
The seventh rule is standardization of the structural layout by decomposing it into
simple forms with standard dimensions.
Finally, the last rule concerns the connections. The goal in this field is to
minimize their number and increase their flexibility. It is important to remember that the
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success of the disassembly process highly depends on the geometry and the configuration
of the connections.
2.4 DfAD ASSESSMENT
The assessment of DfAD for building structures is based on three indicators that
reflect the level of independence and exchangeability at different scales. These three
indicators are the structural features, the product features, and the connection or interface
features.
The level of exchangeability is evaluated based on the geometry of the element
analysed, its assembly scheme with the surrounding ones, and its type of connection. The
independence feature of an element is evaluated based on its level of standardization, its
place in a functional decomposition, and the number of functions the element is related
to.
As shown in Figure 12, the result is presented by a triangle whose summits
correspond to the evaluation of the tree indicators on a 0 to 1 scale. The more important
the surface of the triangle, the better in terms of DfAD.
structural features structural features structural features
1.0 1.0
product features 02
product features product features
1.0 2 0.2 02
0.
1.0
interface fe tures Interface features interface features
FIGURE 12: DfAD assessment: a decomposable structure on the left, a partly
decomposable structure in the center, and a fixed structure on the right (Source:
Brouwer and Durmisevic, 2002).
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3.0 TOOLS TO ACHIEVE DfAD
3.1 CONNECTIONS
The ease and quality of the disassembly of a building relies to a great extent on its
connections. Indeed, the design objectives of connections are to allow the removal of the
elements without damaging them to minimize the need for specific equipment, and to
make this process as simple as possible for the workers. The connections can be sorted
into seven types, presented in Table 4, and range from rigid to flexible connections.
Flexible connections are the most suitable for DfAD.
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TABLE 4: Types of connections sorted by level of flexibility (Adapted from Brouwer
and Durmisevic, 2002).
Scheme of the connection. Analysis of the connection.
Rigid connection.
(Source: Morgan and Stevenson,
2005)
Direct chemical connection, also called infilled
connection. The chemical fixes one element into the
other.
Direct connection between two premade
components. Their geometries allow a mechanical
interlock.
Indirect connection where two elements are bounded
together by using a third chemical material in
between.
- i Direct connection with overlap. The complementary
geometries of the elements to be assembled are not
sufficient to provide a strong connection. Additional
fixing devices are required.L Indirect connection via a dependent third component
whose shape adapts to the situation.
,n Indirect connection via an independent third
Scomponent.
Indirect connection with additional fixing devices.
Flexible connection.
(Source: Morgan and Stevenson,
2005)
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The presentation of these seven types of connections shows that a flexible
connection between two elements is mechanical and uses a third element to link the two.
This third element must be replaceable.
Based on the analysis in Table 4, the advantages and disadvantages of the eight
main connections for DfAD that are used in the construction industry are summarized in
Table 5. The analysis leads to the following conclusions. As opposed to connections that
use binders, friction, mortar, glues, sealers, or rivets; bolted, screwed, and nailed
connections are the best options for adaptability because they favour indirect connections
with dry joints. It is also important to minimize or avoid the penetration of the
connectors in the elements in order to limit their impact on the strength that can be
carried. In DfAD, designers must consider the thermal and acoustic insulation since their
benefits can be weakened by leaks around the connections. The designers also must
provide detailed plans for the connections, the dismountable floors, the ceilings, and the
walls. These plans account for tolerances due to both thermal expansion and possible play
between the elements.
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TABLE 5: Analysis of the connections used in construction (Adapted from Morgan and
Stevenson, 2005).
Type of connection Advantages Disadvantages
Screw fixing Easily removable. Limited re-use of both hole and
[ 1 screws.
Cost.
Bolt fixing Strong. Can seize-up, making removal
Can be reused a number difficult.
Sof times. Cost.
2
Nail fixing Speed of construction. Difficult to remove.
- Cost. Removal usually destroys a key area
of element.
Friction Keeps construction Relatively undeveloped area.
element whole during Poor choice of fixings.
removal. Structurally weaker.
Mortar Can be made to variety of Mostly cannot be re-used.
strengths. Strength to mix often over specified,
making it difficult to separate
I . bounded layers.
Resin bonding Strong and efficient. Virtually impossible to separate
Deal with awkward joints. bonded layers.
Resin cannot be easily recycled or
6 re-used.
Adhesives Variety of strengths Adhesives cannot be easily recycled
available to suit task. or re-used; many are also impossible
to separate.
7
Riveted fixing Speed of construction Difficult to remove without
destroying a key area of the element.
1 Source: http://www.itwproline.com.au/Zenith-Bolts-Threaded-Rod/default.aspx
2 Adapted from http://www.brettmartin.com/semifinished/foamalux/fastening.aspx
3 Adapted from http://www.otter.com.au/nails hints.php.
4 Adapted from Morgan and Stevenson (2005.)
5 Adapted from http://faculty.delhi.edu/hultendc/A220-Week2-Lecture-Web.html.
6 Adapted from http://news.thomasnet.com/fullstory/10297.
7 Adapted from http://www.hgtv.com/home-improvement/tiling-a-fireplace/index.html.
8 Adapted from http://www.maritime.org/conf/conf-dvorak.htm.
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3.2 MATERIALS AND STRUCTURES
3.2.1 MA TERIALS
Steel, timber, and masonry are good candidates for re-use; on the other hand, glass
and plastics are better candidates for recycling. However, steel is more suitable for DfAD
than concrete, a wet material that often requires casting in place. Regardless of the
material used for a component, strength tests have to be performed before re-use.
3.2.2 STRUCTURES
DfAD can be used for both temporary and permanent structures. Temporary ones,
for example military facilities and exhibition pavilions, are erected for a short term
period. Permanent structures are designed for a lifespan of several decades. Table 6 lists
the advantages and disadvantages of each type of structure for DfAD.
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TABLE 6: Advantages and disadvantages of each type of structure for DFAD (Adapted
from Ciarimboli and Guy).
Type of structure Advantages Disadvantages
Masonry 1. Individual components 1. Blocks need soft binder to be
break down into small, reused, which reduces strength.
easily reusable units. 2. It may include reinforcement,
2. A solid mass can be re- which is harder to deconstruct.
cycled if massive. 3. It requires heavy machinery to
3. Its re-use does not dictate break down the solid mass
the design. 4. It may have lateral walls, which
compromise the long-term
occupancy pattern options.
Light frame 1. It is structurally efficient 1. It is difficult to deconstruct unless
and allows for multiple the framework is detailed with
occupancy patterns. appropriate joints.
2. It is easy to deconstruct 2. Notching, holes and binding with
into reusable elements if the resins can reduce possibilities for re-
plans are detailed use.
appropriately and if it is not 3. Depending on the size and the
cast-in- place concrete. type, it can be manually or
3. It can be layered mechanically deconstructed.
separately from cladding
and insulation.
Consequently, it allows for
the standardization of the
dimensions and the use of
homogeneous materials.
4. It can be factory made if
it is not cast-in-place
concrete.
Panel system 1. It is structurally efficient. 1. It requires mechanical
2. It is factory made, which deconstruction.
increases the level of 2. If the materials are bound together,
accuracy. they are hard to separate.
3. All of the components 3. Cross wall bracing is necessary for
can be built in to minimize stiffness, which reduces the layout
waste, internal options.
Table 6 demonstrates that light frame and panel systems are the best candidates
for DfAD provided that this method is included in the early phases of the design. These
two systems are structurally efficient, and they increase the extent of both prefabrication
and layering. Another advantage of these two schemes is that they facilitate the use of
lightweight elements by reducing the size of the components, which results in an
DfAD: Design for Adaptability and Deconstruction
increased accessibility to the components and, therefore, in more potential for
adaptability.
Geometries
The six classical shapes of buildings, presented in Figure 13, are the cube, the
fence, the warehouse, the slab, the caterpillar, and the tower. Studies by Arets et al.
(2002) show that cube-shaped buildings are more energy-material-efficient than the other
ones.
The Fence
The Caterpillar
FIGURE 13: Six classical shapes of buildings (Source: Arets et al., 2005).
This enhanced efficiency can mainly be explained by the fact that shallow
compact structures realize the best savings in terms of energy consumption.
Consequently, for a given set of requirements, the cubic shape should be preferred in the
shape selection of the structure. This regular framing fits for the DfAD principle of a
regular layout and it is the preferred shape in terms of adaptability.
The Warehouse
The Tower
FT1
Iw
The Slab
--
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3.3 PREFABRICATION
History ofprefabrication (Adapted from Horman et al., 2005)
In the construction industry, prefabrication began approximately 130 years ago
with wooden frame houses, but it was developed more extensively during the 1930's and
World War II, when industrialists noticed that it fitted the market demand. Indeed, less
labor was necessary and it accommodated both a lower price and a shorter construction
time.
During the last decades, labour costs have increased while the demand has grown
and the number of skilled people has decreased. At the same time, the building sector has
benefitted from the development of software. This technological innovation helped better
manage the different phases of a project from design to construction. The needs of the
clients also changed and became more demanding in terms of quality, cost, completion
time, and sustainability.
Therefore, prefabrication has become an effective response to demand while,
serving the new expectations of the users for flexibility. Prefabrication is closely related
to DfAD because it not only allows increasing the size of the building more easily than a
conventionally constructed structure but it also creates fold-up and fold-down structures
(refer to the Puma city case in Section 4.)
3.3.1 THE ANSWER TO A MARKET DEMAND
As stated above, prefabrication in construction became possible due to new
technologies and the creation of new materials. The advantages of prefabrication mainly
stem from the fact that the working environment is relocated from the construction site to
a factory. Consequently, cost effectiveness, quality-and-waste management, worker
safety, flexibility, and handling of material are improved. By prefabricating subsystems,
the potential ease with which the building components can be changed and replaced
during a renovation is increased.
The answer to Lean Principles.
Since there are currently both demand and appropriate technologies and materials
for prefabrication, the same successful rules that were applied in the manufacturing
industry can be used in construction: Lean Principles. Lean Principles can be defined as
rules that increase the productivity of a process and the quality of manufactured products,
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while decreasing their fabrication time and costs. Table 7 presents some of the results of
a study by Luo et al. (2005) that shows the benefits of applying Lean Principles to
prefabrication.
TABLE 7: Benefits to the prefabrication strategies of lean principles in targeted areas
(Adapted from Horman et al., 2005).
Domain Area Contribution to the Lean Principles
Customer focus 1. Improved timing, quality, or cost.
2. Use of target costing and value engineering.
People / culture 1. Training at every level provided.
2. Employee empowerment encouraged.
3. Management commitment ensured.
4. Regularization of processes and supply chains through the work with
subcontractors and suppliers.
Workplace 1. Workplace organization and use of the 5 S's 9 encouraged.
organization/ 2. Error-proofing devices implemented.
standardization 3. Visual management devices provided.
4. Defined work processes for repetitive tasks created.
5. Logistic, material movement, and storage plans that adapt to changes in
the workplace configuration created.
Waste elimination: 1. Double handling and worker and equipment movement minimized.
process 2. Crews balanced, flows synchronized.
optimization. 3. Material constraints removed, input variation reduced.
4. Difficult setups and changeovers reduced.
5. Scrap reduced.
Waste elimination: 1. Production planning and detailed crew instructions used, predictable
production task times.
scheduling. 2. Small batch sizes.
Waste elimination: 1. Standardized parts.
Product 2. Pre-assembly and prefabrication.
optimization 3. Reproduction engineering and constructability analysis.
Continuous 1. Organizational learning preparation, root cause analysis.
improvement and 2. Metrics development to measure performance.
Built-in quality. 3. Standard response to defects created.
4. Employees encouraged developing a sense of responsibility for quality.
9 The five S are Sort, which is the first step in organization; Set in order, which consists of
identifying and arranging the workplace; Shine, which refers to maintenance and cleaning,
Standardize, and Sustain.
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Prefabrication: a sustainable argument.
From a sustainability point of view, prefabrication presents many advantages in
the social, environmental or economic field. Because prefabrication requires activity
specialization and an off-site location, the safety and health of the workers are better
controlled.
Better control and management of the working place also improves general
working conditions. Another social aspect is that it better secures employment by
encouraging local investment and training.
By increasing the erection speed of a building and by including a manufacturing
environment, prefabrication has environmental and economic benefits. The time needed
to perform the on-site assembly process is reduced by the use of prefabricated elements,
which are already pre-assembled. Furthermore, the time is decreased because fewer
teams are required on site at once. Thus, the number of interferences between teams,
which causes delays, is reduced. The completion time reduction, in turn, leads to
economic savings. These savings also result both the fact that the recycling management
typically performed in a factory avoids the cost of subcontractors, and from a reduction in
material waste and use. By controlling the quality in the factory, the on-site stage
requires less attention and time. In addition to presenting economic advantages, these
measures result in time savings that shorten the site intervention period and, therefore,
improve the environmental factors such as acoustic, air, and visual pollution. One
example of this benefit is the foundation phase. Because the structure manufacturing
process is better controlled and is optimized to produce lightweight components, the
foundations associated with a prefabricated structure are smaller than for an equivalent
traditional building, which results in time and money savings as well as reduced negative
impact on the surrounding area. Finally, since prefabrication is based on a
standardization of sizes, it offers the owner a wide range of products that can be used in a
wide variety of projects and, consequently, increases its field of action.
Resistance to prefabrication mainly results from the assumption that it leads to a
lack of variety because of standardization. This argument is countered by the fact that the
possible sizes allow for a wide range of combinations. In addition, one can overcome
this aspect by varying textures and architectural finishes. Another disadvantage pointed
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out is the environmental impact of prefabrication due to the transportation required. By
limiting the trips and by choosing local manufacturers, this problem can be mitigated.
The comparison of the economic, environmental and social aspects of
prefabrication versus site-building is provided in Table 8.
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TABLE 8: Comparison of the economical, environmental and social aspects of
prefabrication versus site-building (Source: Horman et al., 2005).
Decision factors Prefabrication Site-built
Economic
Quality More reliable quality can be Less reliable (depending on the site
achieved in a shorter amount of conditions and the skill level of the
time (especially for large-scale labor).
projects).
Component and Long-term supply chains for Supplies restricted to project-based
material supply chain, materials can be established. purchases.
Schedule length and Longer lead time, but reduced Shorter lead time, but longer
reliability erection time and more reliable construction schedule and less
duration. reliable duration.
Coordination time Extra coordination needed More time for coordination and
between the site and the plant. opportunities to adjust dimensions.
Flexibility Changes often cannot be easily Limited adjustments can be easily
made in the field. made in the field.
Impact of changing May cause delay and extra costs: May cause delay and extra costs:
orders less controllable situation for often can be better accommodated.
large-scale projects.
Delivery and shipping Varies depending on the Shipping fee needed for raw
locations of the prefabrication material delivery only.
plant and the material supplier.
Maintenance costs Improved quality can lead to Defects due to site conditions can
reduced maintenance and lead to higher maintenance and
operation costs. operations costs.
Environmental
Quality Improved quality can lead to Site defects can reduce
improved performance. performance.
Material choices A greater variety of specialty Material choices are limited to
materials can be used to more sporadic availability, and
developed supply chains. capabilities of on-site labor.
Material waste Less waste due to use of larger More waste on site; extensive
raw material lots. packaging for delivery.
Transportation energy More gas consumption. Less gas consumption.
Flexibility Modular systems can be Minor on-site variations
reconfigured more easily. (dimensions etc.) can be easily
accommodated.
Deconstruction More likely to be easily Disassembly and separation is
disassembled for reuse or usually more costly.
recycling.
Social
Local labor Less local labor needed. Can employ local labor to fabricate
and install components on site.
Working conditions Improved working conditions Variable working conditions and
and more stable job market. more sporadic job market.
Skill level Craft and technical skills needed. Craft and problem solving skills are
elevated.
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3.3.2 TWO SOLUTIONS FOR PREFABRICA TED STRUCTURES
In the structural field, prefabrication offers two main types of products: panellised
systems and prefabricated modules.
The first type consists of prefabricated flat units. Their shape permits to carry
them in a limited number of trips. This transportation phase requires that their
dimensions be limited to the size of the truck. Once they are brought to site, the flat
units are assembled to create the three-dimensional structure (Fig. 14). The disadvantage
of this method is the required field work. Therefore, the prefabrication benefits are
limited, and the probability of damages to the building due to on-site work is increased.
FIGURE 14: Assembly of prefabricated panellised systems (Source: Gorgolewski, 2005).
The second type consists of prefabricated modules that are delivered on site with
all their finishes, like cabins in the naval industry. The modules are mainly used for the
parts of the building that require many services. By combining these two types of
structures, the construction time is optimized. These two prefabrication methods can be
applied with buildings that have wood frames, steel frames, or both.
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4.0 CASE STUDIES
Three case studies are presented. The first case deals with the example of a
shelter. The concept of this shelter has been developed by the Vrije Universiteit Brussel
following the approach proposed by Hendrickx and Vanwalleghem (Debacker et al.,
2007). This case study illustrates concretely and simply the concepts of DfAD. The two
other examples illustrate the two main prefabrication methods presented in the previous
section: the second case study corresponds to a building that uses panellised systems, and
the last one illustrates the process that uses prefabricated modules.
4.1 CASE 1: A SHELTER
Context
Because shelters are often used after natural disasters to shelter people, they have
to be very adaptable structures while being resistant in an unprotected environment. The
criterion for adaptability is capital: the rescue teams have to be able to rapidly provide a
wide range of solutions to people on site. Therefore, the design of these shelters has to be
simple and flexible.
A tent has a frame. It also needs ventilation to make the indoor bearable and it
must be protected against heat by shading devices.
Design features
To adapt the variability of sizes, the layout needs to be able to expand. The
concept of expansion through fractal generation using elementary rectangular shapes can
be used. This geometrical form is found at two different scales, which are the elementary
one and the global one. Since a rectangular shape has predefined dimensions, the concept
of a module assembly is also applicable. The following figure (Fig. 15) shows examples
of different schemes that can be adopted.
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FIGURE 15: Five different layouts of an emergency shelter (Source: Debacker et al.,
2007).
As shown in Figure 15, the two possible sizes of rectangular shape, which can
have a ratio of 2, can lead to the creation of five schemes that can shelter two people for
the first scheme to seven people for the biggest one.
Adaptability also applies to ventilation, so the structure has to accommodate it.
The design solution is to decompose the covering part into two layers, which have a gap
in between, as shown in Figure 16. This separation refers to the layer principle where
each layer participates to a specific function. In this example, the outer one permits the
ventilation by being raised while the inner one contains the structure that serves to itself
but also to bear the outer layer. This separation also eases the replacement of the outer
layer, whose life span may be shorter due to its exposition to natural events, without
affecting the inner one.
The shading is ensured by the outer part. This fusion of these two functions can be
justified by the fact that the origins of the degradation of their material are the same
(natural factors), therefore, the lifespan of their system is supposed to be equivalent.
FIGURE 16: Two layers for two distinct functions (Source: Debacker et al., 2007).
This example shows a simple two-phase DfAD process: the first phase is to
identify the needs for adaptability and to determine the functions that answer these needs;
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and the second phase consists of applying the DfAD concepts, which are the layering and
the module modelling.
4.2 CASE 2: R-128 HOUSE
(Nource: laser, zUUz).
R-128 is a four-floor building whose total height is 11.2m. It is mainly made out
of steel and glass (Fig. 17). The design process made this house to be totally
deconstructible, and selected materials based on the reuse or recycling criteria. This is
possible by using prefabrication, the concept of module, and the idea that the structure is
part of the design.
Objectives
The main goal is to have a lightweight structure while ensuring maximum
comfort, openness, continuity from interior to exterior, transparency, natural lightening,
and flexibility with regard to the internal partitioning.
DfAD: Design for Adaptability and Deconstruction
Design
The choice of the cubic shape corresponds to the optimum usage of the surface
area and the maximization of energy savings. This geometrical form also favors
standardization, and thus, prefabrication.
The regular layout also plays a significant role in the level of deconstructibility
achieved by R-128. Figure 18 shows the plans of the different levels.
4-
FIGURE 18: Plans of the first (upper left), second (upper right), third (bottom left) and
fourth(bottom right) floors of R-128 (Source: Blaser, 2002).
The organization, shown in these plans, is based on a regular layout. The vertical
circulation (stairs) is kept at the centre of the square area throughout the floors, and the
services are on top of each other. By grouping these zones of services, the piping layout
and installation are simplified. Indeed, the location of the bathrooms or the kitchen is
strategic to maximize adaptability. The rest of the organization does not answer specific
rules. These plans show that the superposition of both the vertical circulations and the
service areas over the floors are the only constraints for the layout. The organization of
the rest of the space can be easily rearranged.
To answer the criteria of lightweight and transparency, the structure chosen (Fig.
19) is a steel frame that uses panellised systems and bolted connections.
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FIGURE 19: Structural framework of R-128 (Source: Blaser, 2002).
The advantages of such a structure are that first, it minimises the weight; second,
it answers the design principle of open space that will accommodate any random
partitioning; and third, it permits to reach a precision that is comparable to mechanical
engineering, which is in adequacy with prefabrication and the accuracy requirements of
plumbing and electricity.
The structure, which weights 39,800 kg, is composed by four 2.80 m high floors.
Each floor can be divided into seven rectangle units: six of 3.85m x 2.90m and one used
for the four-story staircase. The vertical load bearing system consists of twelve (3 x 4)
square hollow columns placed at the corners of the floor rectangles. The horizontal
framing consists of rails that join the columns in the two perpendicular plan directions.
To provide lateral stiffness, the inter space between two columns on three out of the four
walls are braced by diagonal tensile braces and so are the floors. This structural frame
bears the dead load of the high quality triple glazed fagade, which is composed by glass
panels supported horizontally by pads and connected to the structure. This dead load is
carried to the main structure through tensile suspension rods (which are invisible since
they are located at the joints between two glass panels) that are connected to the roof
frame by cantilevers, and then transmitted to the ground through the beams and the
columns.
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The foundations are a cast-in-place concrete slab because of the low bearing
capacity of the soil.
The use of exposed bolted connections (Fig. 20) increases the speed of erection,
eases the possible modifications and dismantling, and avoids compound materials. The
exposition of the bolts is possible because the structure is integrated into the architectural
design.
FIGURE 20: Bolted connections of R-128 (Source: Blaser, 2002).
The erection of the structure has been rapid. Once the foundations were
completed, a tent was erected to protect the construction area from bad weather. Only
four days were necessary to bolt the columns and the beams together. This fast erection
was due to the prefabrication of these elements. Indeed, the threaded holes had been
drilled in the workshop. This manufacture work has increased accuracy since there was
no need for tolerance compensating measures.
The non structural parts also obey the rules of DfAD. The floors are made out of
60-mm thick plastic-covered wood panels that are simply supported by the steel beams
without any bolt or screw. The ceiling is composed by clipped aluminium panels that
contain the lightening system, the acoustic absorber, and the heating and cooling systems.
This decomposition clearly shows that the structure is separated from these other
functions. Consequently, changes will be able to be carried out without damaging the
bearing elements.
Concerning the pipes and the cables, they are grouped in the same area, in folded
aluminium ducts that go along the inside of the fagades. These pipes and cable
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organization is very flexible since any part of the house can be connected to it by simply
extending them.
4.3 CASE 3: CONTAINER STRUCTURES
4.3.1 THE SHIPPING CONTAINER: A STRUCTURAL ELEMENT
Figure 21 presents the components of a typical shipping container.
Top and transverse member
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FIGURE 21: A shipping container (Adapted from
http://www.ecotra.eu/images/stories/ structuretc _finale2.jpg).
In order to use a shipping container in civil engineering, it has to be modelled as a
structural component. The principles are the following. As we can see on the figure
above, a side panel can be decomposed into a side wall panel and two side rails that are
located at the top and the bottom of the panel. This whole works like a steel beam whose
flanges would be the side rails and whose web would be the side wall panel. Because the
web of this beam corresponds to the side wall, the moment of inertia coefficient of the
steel beam is significant. Therefore, it provides bending rigidity. An important aspect is
that the panels are corrugated. This implies out-of-plane stiffness.
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Another important point is the support casting. A container is beard by four
comers, whose characteristics follow the International Organization for Standardization
(ISO) requirements. Consequently, the steel beams spans are the distances between these
comers.
Concerning the two horizontal layers, the cross sectional joists transfer the loads
from the roof or the floor to the side rails, which transfer them to the comers.
Design approach
The use of the containers makes them be designed for on-land and on-sea
conditions. The on-land conditions are consistent with building loads: dead loads, live
loads, and natural events. The on-sea ones are related to their shipping conditions and the
fact that they are craned during their transshipment. These loads can be described as
dynamic loads, volatile loads, and twisting loads.
In the Puma City case, the structural engineers kept the actual sections whenever
possible and approximated the other ones by being conservative. This last case mainly
concerned the corrugated panels that have been modelled as plates (planar stiffness) with
an increased thickness.
In order to meet the ISO requirements, at the location of the containers openings,
cover plates are bolted to the wall panels. They make the transformed container behave
like a classical one for the transportation.
4.3.2 PUMA CITY (Den Herder, J., and Smith, J.)
Figure 22 shows Puma city, which is a 11,000-square-foot transportable shop
structure composed by twenty four 40-foot-long containers. This design answers the need
for adaptability and deconstruction. Indeed, this mobile structure has been designed to be
assembled/disassembled several times in international harbors like in China, Alicante
(Spain), Boston (USA), and ultimately Johannesburg (South Africa).
The criterion of adaptability is fully fulfilled since the structure adapts itself to the
load conditions by changing its arrangement. For transportation purposes, the structure
decomposes itself into unit modules; and for "shop conditions", it uses the same
structural arrangement as a classical building (steel framing).
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FIGURE 22: Puma City.
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Moreover, it adapts to the site conditions since it does not depend on them.
Indeed, it does not require foundations creation, a harbour pavement is enough since the
minimum acceptable soil bearing is 1 ton/sqft. As shown in Figure 23, the containers are
linearly simply supported by a steel beam, and the steel beam spans between two steel
base plates that simply support it.
FIGURE 23: Supports of the Puma city structure (Courtesy of S. Mouilek).
This structure is sustainable since it does not generate any waste for its assembly
and disassembly and can be used for several cycles. In this case, the life cycle is expected
to be one year since it is related to a sailing race, but it could eventually be converted into
a permanent structure.
Connections between the containers
There are two types of connections between the containers. The first one is the
TwistlockTM connections. They are used for the vertical static loads and have a capacity
of 100k in shear and tension, which passes the on-land loads but is necessary for the on-
sea conditions. They are equivalent to simple supports and permit to connect the
containers and seal them to each other by twisting and locking semi automatically. These
connections are presented in Figure 24.
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FIGURE 24: TwistlockTM connections (Photo Courtesy of S. Mouilek, schemes scanned
from RSA Ecopy).
The second type of connections corresponds to a steel plate that is bolted in
between the containers to avoid leaks and differential displacements between the
containers under live load.
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Thanks to these connections (TwistlockTM and bolted connections), the erection of
the structure lasts approximately five days; and approximately one week or one week and
half are needed to add the handrails and other non structural components. The
disassembly process takes approximately the same time.
The process from design to realization has also been rapid since the structural
elements, the containers, are imposed by the market. Therefore, the design essentially
consisted of determining and sizing the reinforcing components and specifying weld or
bolts locations and sizes. This method saved time. This phase lasted from October 2007
to February 2008 and the construction drawings were issued in March 2008. The
containers have then been built in China, and in August, the Puma City was unveiled in
Alicante (Spain).
4.3.3 STUDENT HOUSING DIEMEN, NEAR AMSTERDAM
In the current period of crisis, where people talk about rationalizing the world and
bringing back values inside the economy such as a better management of the resources,
container buildings may totally illustrate the change in minds that seems to occur. The
value of a building may not stand much in its materials but in the values it carries.
Because "[the society is] entering the ecological age" (Head, 2008), a building may be
evaluated on the values it promotes more than on its aesthetic. Beauty could therefore
become a synonym of idea and ingenuity. However, ethics is not the main reason that
explains the happening of such projects. The structure presented in Figure 25 is the five
floor student housing Diemen, near Amsterdam. It is composed by containers that have
initially been built for freight but that are used here to create a 250-student-room
residence (source: http://www.tempohousing.com/projects/student-housing.html). The
maximum height for a structure that does not require additional framing can be
equivalent to seven floors. The advantages these buildings present are their availability,
their price, their adaptability, and their fast erection. Indeed, they can be a solution for
both temporary and permanent purposes, and they can accommodate a wide variety of
layouts. Since prefabrication is the main part of the process, time, waste, and quality are
better controlled and optimized. Moreover, the standard of services offered by a module
can be as important as wished since each unit is delivered ready to be inhabited: the
finishes have already been performed when the containers are brought to site.
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FIGURE 25: Student housing Diemen, near Amsterdam.
A classical path to build such a structure would be the one described on Figure 26.
FIGURE 26: The construction process from the state of freight containers to the state of
erected building (Pictures adapted from http://www.tempohousing.com/pdf/
brochures/thb-web_eng.pdf).
First, freight containers are bought (step 1). Then, they are converted into housing
units in specialized prefabrication facilities that create a production line adapted to the
units used for the building (step 2). At the end of this step, where they integrate all the
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accommodations required, the units are brought to site (step 3). Depending on the soil
conditions and the importance of the structure wanted, there are several options for the
foundations. Four concrete blocks per unit, a concrete slab, or concrete (or wooden) piles
can be used as a foundation system. Once the foundations are realized, the units are
craned, lifted in position, like for freight, and assembled on site (step 4). An exterior steel
or concrete framing is then erected for balconies, exterior corridors, stairs, and lifts, and
connected to the structure made by the container units (step 5a and 5b). Finally, the roof
is put in place (step 6).
Schedule (Adapted from http://www.tempohousing.com/modular-
building/building-modular-project.html.)
Generally, there are four to six weeks between the contract discussions and its
signing. Then, the design phase can vary between three weeks to six months. Once this is
done, the four-to-six-week preproduction process consists of the installation of the
corresponding unit production line. The productivity of a production line varies between
30 to 60 units per week depending on their complexity. Finally, the containers are
brought to site and assembled together. The units can be shipped to any port in the world.
The erection time depends on the complexity of the project.
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5.0 CONCLUSION
Design for Adaptability and Deconstruction in building structures permits to
improve their sustainability by improving their flexibility and making their disassembly
possible. Based on the fact that components have different life spans and are used for
different functions, DfAD consists of separating the different layers of a building and
making them accessible. To achieve these goals, the building is foreseen as an assembly
of modules and designed using the model of fractal generation. This conceptual approach
favors prefabrication, cubic or rectangular shape combinations, and bolted and indirect
connections.
The targeted phases in the life cycle of a building are renovation or rehabilitation
and its end of life. These phases currently have a negative environmental impact due to
the huge amounts of waste and the pollution they generate. These impacts are all the
more important that the occurrence of these phases is related to changing needs and
evolving standards. A building, which is currently a static entity defined by end-states,
has to be considered as being part of a dynamic environment. Consequently, it has to
accommodate the evolving trends by being adaptable. This adaptability includes space
reorganization, renovation, rehabilitation, and deconstruction. DfAD meets these
requirements.
Modularization of buildings is a promising market since "[the society is] entering
the ecological age" (Head, 2008). Indeed, people's awareness about sustainability and
ecological concerns has been increasing for several years. This growing demand is
backed by official organizations like USEPA (US environmental Protection Agency).
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